We report small-angle neutron-scattering (SANS) measurements of flux line properties near H c2 in an ultrapure sample of niobium with weak pinning of flux in the bulk. These confirm in detail the Abrikosov picture of the flux line lattice to within 20 mK of the upper critical field line. However, it has recently been claimed [X. S. Ling et al., Phys. Rev. Lett. 86, 712 (2001)], on the basis of SANS observations of a disordering of flux lines in niobium, that the flux lattice melts at temperatures clearly separated from the upper critical field line. This discrepancy may possibly arise from differences in sample purity and pinning. DOI: 10.1103/PhysRevLett.88.167003 PACS numbers: 74.60.Ge, 61.12.Ex, 74.70.Tx In recent years, there has been great and continuing interest in the properties of magnetic flux lines in superconductors. This is partly because thermal effects are much enhanced in high T c materials. Hence, melting of the Abrikosov [1] flux line lattice (FLL) was both predicted [2, 3] and directly observed (see, for example, Refs. [4, 5] ). Another strong influence on the FLL is any quenched disorder in the underlying crystal lattice, which can pin flux lines and reduce the long range order [6] . If the pinning is sufficiently strong, the FLL can be destroyed and a glassy flux line state will result. Detailed reviews of the interplay of thermal excitation, quenched disorder, and material properties on vortex matter are given, e.g., in Refs. [7, 8] . One general result, first noticed by Pippard [9] and subsequently elaborated by others, is that the "softer" the FLL the more readily it is pinned. Pippard [9] invoked the softening of the shear modulus of a FLL near H c2 as an explanation of the "peak effect," which is a big increase in the pinning of flux lines observed just below (in temperature or field) the H c2 ͑T͒ line.
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There has also been great interest in whether high T c ideas also apply to materials with T c of order 10 K. In particular, there is a recent report [10] of a hysteretic first order transition in niobium: between a state giving six clear neutron diffraction spots from a hexagonal FLL, and another state closer to H c2 giving a liquid-like ring of diffracted intensity. It is claimed [10] that this first order transition represents the melting of the FLL into a liquid state. However, it is important to determine whether this transition is an intrinsic property of pure niobium or arises because of a destruction of FLL order associated with the peak effect, which was observed in the sample. We have therefore carried out a small-angle neutronscattering (SANS) investigation of the FLL structure close to H c2 in an ultrapure sample of niobium with a very low level of bulk pinning of flux lines.
After growth, our single crystal of Nb was annealed under UHV for a week at a few hundred ± C below its melting point. The residual resistance ratio is ϳ10 000, corresponding to an electron mean free path ᐉ . 10003 the superconducting coherence length j. From the crystal, an oval plate (diam 7 3 9 mm 2 , thickness 2.46 mm) was spark cut, with a [111] crystal direction perpendicular to the plane of the plate. Any surface damage due to spark cutting was removed with an HF͞HNO 3 polishing etch. The surface was then very gently roughened with a fine abrasive to induce strong surface pinning. This would hold the magnetic induction essentially constant during a temperature scan at constant applied field, while allowing the FLL inside to move freely. (This technique was used in high resolution heat capacity measurements [11] on a similar sample.) The specimen was mounted inside a sapphire-windowed cryostat placed between the poles of an electromagnet applying a field of 0.2 T parallel to the [111] direction. A neutron-absorbing Cd mask with a 5-mm-diameter hole was placed over the center of the plate sample so that neutrons, which were incident approximately parallel to the field, would be diffracted only by flux lines in the bulk.
The measurements were carried out on the SANS diffractometer D22 at the ILL, used in a high-resolution mode (l 10 Å neutrons; collimation and detector distances ϳ18 m). To maximize the intensity for any particular diffraction spot, the sample and electromagnet together could be rocked in a horizontal or vertical direction to the Bragg angle for that spot. It is clear from the FLL diffraction pattern shown in Fig. 1 that a wellordered hexagonal FLL is formed. The sample temperature was raised from 3.2 K in small increments through the H c2 ͑T͒ line. At each temperature, we measured a rocking curve of the intensity of the horizontal "͑1, 0͒" spot on the right of the Fourier component F hk of the spatial variation of the magnetic field via [12] :
Here, f is the incident neutron flux, g is the neutron magnetic moment in nuclear magnetons, V is the illuminated sample volume, F 0 is the flux quantum, l n is the neutron wavelength, and q hk is the magnitude of the scattering vector.
After background subtraction, the position and shape of the ͑1, 0͒ spot on the multidetector was fitted by a twodimensional Gaussian, and the rocking curve was also fitted by a Gaussian. Results of these fits are shown in Figs. 2 and 3. It is clear from the temperature dependence of the larger width (approximately in the tangential direction), that at no temperature (at least on the spacing of our temperature points ϳ20 mK) do the spots spread out into a ring as H c2 is approached. The slight increase in tangential width at high temperatures corresponds to an angular spread of only 0.9 ± in FLL orientation. In other respects the FLL becomes more perfect near H c2 : there is a steady decrease with temperature in the rocking curve width and also a small decrease in the radial width of the spot. We have used the method of Ref. [13] and the known incoming beam divergence of 0.0226 ± and wavelength spread of 4.3% to analyze these changes. The change in radial spot width is a consequence of a change in mosaic spread, which falls from 0.033 ± at 3.2 K to 0.029 ± at 5.2 K. We believe that this is due to the nonellipsoidal shape of our sample and incomplete surface pinning of flux lines. This leads to a slight macroscopic curvature of the lines, which is larger at low temperatures when the sample magnetization is larger. Even at the highest temperature, the mosaic spread of the FLL is nonzero. This may arise from a finite correlation length for the FLL parallel to the field. We estimate the minimum value, if due to this cause, as ϳ200 mm.
We note also that there is no hysteresis in Figs. 2 and 3. We also checked that a slight oscillation in the value of the external field, which would allow vortices to move into their equilibrium configuration, had no effect. All of these results are in complete accord with the absence of a first-order transition or flux lattice melting and in disagreement with the results of Ref. [10] . Further information comes from the temperature variation of the diffracted intensity; as shown in Fig. 4 , this goes smoothly to zero when the H c2 ͑T ͒ line is reached at ϳ5.4 K. In Fig. 5 , we replot our data near H c2 as a square root, so that the ordinate is proportional to jF 10 j as given by Eq. (1). According to the Abrikosov solution to the GinsburgLandau (GL) equations, for example as reported by Brandt [14] , both the magnetization M and F hk vary linearly near H c2 :
In this expression, n ͑h 2 1 hk 1 k 2 ͒, and k is the GL parameter. Using B m 0 ͑H 1 M͒, we may eliminate H from Eq. (2) to give The latter form is appropriate in our case of varying temperature at constant B. It is satisfying to see in Fig. 5 a linear variation of F hk with temperature, as expected from Eq. (3). We also note that within our resolution the line goes linearly to zero, and does not jump to ϳ zero intensity, as would be expected at a FLL melting transition.
To make a numerical check of these relationships somewhat below T c , GL theory needs some well-known corrections. There is a temperature dependence to k [15, 16] ; also, the magnetization in Eqs. (2) and (3) involves a value k 2 different from k 1 that determines the value of H c2 . According to magnetization and heat capacity measurements [16, 17] , k 2 for the field along the ͓111͔ direction for a sample of our purity has the value 1.57 at 5.2 K, compared with 0.73 at T c . Finally, as calculated by Brandt [18] , the ratio between F hk and the magnetization is larger at lower temperatures than that given by Eq. (2). The correction factor at 5.2 K is 1.60. Using dB c2 ͞dT 25.2 mT ? K 21 at 5.2 K for the field in the ͓111͔ direction, the expected value of F 10 is calculated as F 10 0.50 mT. Using Eq. (1), our intensity data at 5.2 K gives the magnitude of diffracted intensity is very small. (Other much earlier data [19] did not give numerical agreement with theory.)
It seems likely that the qualitatively different results reported in Ref. [10] are due to impurity/pinning effects. The values of H c2 reported for that sample are almost double those of pure Nb [16] , so we can deduce that ᐉ is comparable to j, increasing k above the intrinsic value. ac susceptibility studies of that sample show the peak effect, while ours does not under the conditions of our experiment. We conclude that the FLL "melting" below H c2 reported in Ref. [10] is most likely a disordering of the flux lines by enhancement of flux line pinning in the peak effect region. Similar disordering transitions have been observed by transport measurements in NbSe 2 (doped with Ta to increase the peak effect) [20] and by SANS measurements in ͑Ba͞K͒BiO 3 [21] and in BiSCCO [4] . The absence of FLL melting well below H c2 in Nb is also supported by calculations of the melting line. An equation in a form suitable for Nb is [22] 
where c L is the Lindemann ratio, t T ͞T c and Gi
2 is the Ginzburg number, a measure of the strength of thermal fluctuations. Using the known material properties of Nb [17, 23] , we estimate Gi ϳ 1.0 3 10 210 . Using Eq. (4) with c L 0.25, we estimate the melting line to be ϳ7 mK below the H c2 line under the conditions of our experiment. This is consistent with the observation of critical fluctuations in the heat capacity [11] over a similar temperature range near H c2 , and our nonobservation by SANS of critical fluctuations or melting at our temperature resolution.
The question remains: How does the hysteretic 1st order transition observed in Ref. [10] evolve from the intrinsic behavior as pinning strength is increased? It is possible that a supposed intrinsic 1st order melting transition in pure Nb is renormalized downwards in temperature, as increased pinning smoothly takes over from thermal fluctuations to disrupt the soft FLL near H c2 . In this view, the transition observed in Ref. [10] is the same as the melting transition, but into a state so heavily pinned that it appears to have a critical current in ac susceptibility measurements. Alternatively, the transition observed in Ref. [10] is from a topologically ordered FLL into an entangled or dislocated glassy flux solid [6, 24] with zero resistivity at small currents. At a higher temperature, this would undergo a vortex glass transition [7] into a liquid state with nonzero resistivity. This question does not appear to be resolved theoretically [6, 22, 25] or experimentally in high T c materials [26, 27] . In niobium, the question may be experimentally resolved by studies including transport measurements as a function of pinning strength.
In conclusion, we suggest that the description "flux lattice melting" should be used to describe situations where the FLL is disrupted predominantly by thermal fluctuations. If this condition is adhered to, the "melted" phase will behave as a fluid and will not support a critical current. The "melting" reported in Ref. [10] did not satisfy these conditions. From our observations, we find that in pure Nb the flux lattice structure is stable against thermal fluctuations over essentially all of the mixed state region, and our SANS measurements triumphantly confirm the Abrikosov picture near H c2 .
